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ABSTRACT 

Simulations have shown that a diverse range of extrasolar terrestrial planet 
bulk compositions are likely to exist, based on the observed variations in host 
star elemental abundances. Based on recent studies, it is expected that a signif- 
icant proportion of host stars may have Mg/Si ratios below 1. Here we examine 
this previously neglected group of systems. Planets simulated as forming within 
these systems are found to be Mg-depleted (compared to the Earth), consist- 
ing of silicate species such as pyroxene and various feldspars. Planetary carbon 
abundances also vary in accordance with the host stars C/O ratio. The pre- 
dicted abundances are in keeping with observations of polluted white dwarfs, 
lending validity to this approach. Further studies are required to determine the 
full planetary impacts of the bulk compositions predicted here. 

Subject headings: planets and satellites: composition — planets and satellites: 
formation — planetary systems 



-3 - 



Introduction 



Extrasolar planetary host stars are well known to display systematic enrichments in 
many eleme nts, including several key terrestrial planet form i ng elements such as Fe, Mg, S i 



and (e.g. 



2006 



Gonzalez fe Vanture 



Ecuvillon et al. 



2004 



Mg/Si and C/O valu es 



Delgado Mena et al. 



1998 



Gonzalez et al. 



2001 



Santos et al 



2000 



Gilli et al 



20061 ) . Further more, a wide range in host star photosphe ric 



has been observed (jPetigura fe Marcy 



2011 



Brugamyer et al. 



2011 



20101 ) . The ratios of Mg/Si and C/O are critical for planetary systems 
as they determine the bulk mineralogy of the solid, planet forming material present within 
the disk, thus also controlling the composition of any terrestrial planets present within the 
system. Assuming equilibrium conditions, a C/O value greater than 0.8 implies that Si will 
exist in the solid form as SiC, with additional C also present. For C/O values less than 0.8, 
silicates are produced with either the Si0 4 4 ~ or Si0 2 building block. The exact composition 
of these silicates is controlled by the Mg/Si value, ranging from pyroxene (MgSiOa) and 
various feldspars (for Mg/Si<l), to a combination of pyroxene and olivine (Mg2Si04) (for 
l<Mg/Si<2) and finally to olivine with other MgO or MgS species (for Mg/Si>2). Note 



that for reference, th e solar Mg/Si va 



Mg/Si value is 1.02 (IKargel fe Lewis 



ue is 1.05 ( lAsplund et al. 



20051 ), while the bulk Earth 



19931 ). resulting in planets composed of both olivine 



and pyroxene. The observed variations in these key ratios for known planetary host stars 
implies that a wide variety of extrasolar terrestrial planet compositions are likely to exist, 



ranging from relatively "Earth-like" planets to 



those that are dominated 



and carbide phases (e.g. SiC, TiC) (IBond et al. 



2010b 



jy C as graphite 



Kuchner fe Seager 



20051 ). 



Previous studies have examined several possible terrestrial 



based upon stellar photospheric abundances (IBond et al.l l2010bl ) . Recent work by 



planet compositions 



1 Note this is the elemental ratio, not the Solar normalized logarithmic ratio, which is 
commonly shown as [X/H]. 
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Delgado Mena et al.l ( 120101 ) has shown that a significant fraction of host stars (56%) may 
have a Mg/Si value less than 1. Such compositions have not been previously simulated and 
are expected to differ significantly from that of Earth. Given the large errors associated 
with photospheric Mg/Si (and C/O) values, the true fraction of host stars with Mg/Si 
values below 1 is likely to be less than 56%. However, it is not expected to be negligible, 
implying that a significant number of terrestrial extrasolar planets may have compositions 
unlike that of Earth. 

In this Letter we present the results of simulations of terrestrial planet formation 
within three extraso l ar pla netary systems with stellar abundances determined by 



Delgado Mena et al. 



( 120101 ) to have Mg/Si values less than 1. The focus of this letter is 
a new region of Mg/Si and C/O space that was not previously occupied by any known 
planetary host stars, hence the very specific limitations of the simulations conducted here. 
The systems studied highlight the main chemical differences betw een these sy s tems a nd 



Bond et al. 



(l2010al lbh. 



those previously studied. We adopt the same approach as used in 
combining dynamical simulations of terrestrial planet formation with chemical equilibrium 
models of the composition of solid material within the disk. This is the first study to 
consider terrestrial planets of this nature, assisting in developing our understanding of the 
full spectrum of possible extrasolar terrestrial planet commotions. 



2. Simulations 
2.1. Extrasolar Planetary Systems 



Three known extrasolar planetary systems with Mg/Si values less than 1 were 
selected for this study. Each of the three systems was previously simulated by iBond et al 
( 12010bl ) with different stellar abundances. The stellar elemental abundance values of 
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Delgado Mena et al. 



(120 lOf ) were utilized in this study as they are the first to determine 
the abundance of all of the required elements in a completely internally consistent manner 
(high quality spectra and identical approach for all stars and elements) for a large sample 
of both host and non-host stars. It should be noted that although one system selected 
for study here (55Cnc) was not observed as part of the HARPS sample, it was observed 
as part of the CORALIE survey. Spectral analysis was completed in the same fashion as 
for all other HARPS target stars, thus maintaining the consistency of the methodology 
applied here. Instrument variation is not thought to have introduced significant error. All 



three systems were previously 



above 0.8 (based on 



Gilli et al. 



bund t o have Mg /Si values greater than 1 and C/O valu es 



fj2006h : 



Beirao et al. 



( 120041 ) 



Ecuvillon et al. 



(12004 . 



2006|)) 



(see Tabled] for both previous and current Mg/Si and C/O values). Abundance variations 
are understood to be due to differences in atomic and stellar parameters used, expanded 
line lists and improved equivalent width measurements. Of the three systems to be studied 



here, two host stars were found by 



Delgado Mena et al. 



(120 lOh to have C/O values less 



than 0.8 (HD17051 and HD19994), while one host star (55Cnc) has a C/O value well 
above 0.8. This range in C/O values was purposefully chosen to examine the full range of 
planetary compositions possible with Mg/Si values below 1. As with all such abundance 
studies, the error bars associated with these values are large and cannot be minimized 
with current techniques. With this sample, we are also examining a variety of planetary 
system architectures. Both HD 17051 (HR810, HIP12653, iota Hor) and HD19994 have a 
single known giant planetary companion with masses slightly larger than that of Jupiter 
(2.2QM Jupiter , a=0.925AU, e=0.161 and 1.7M Jupiter , a=1.42AU, e=0.3, respectively). On the 
other hand, 55Cnc (HD75732) has five known planetary companions (4 inner planets with 
a<0.78lAU and one outer planet with a=5.76AU) with masses ranging from 3.84Mj upiter 
down to 0.03M JU p iter . (8.58M®). 
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2.2. Chemical Simulations 



Bond et al 



fl2010a 



bj). The 



In this study, we utilized the same approach as in 
composition of solid material within the disk is assumed to be in equilibrium with the 
primordial stellar nebula. Consequently, equilibrium condensation sequences can be used as 
a proxy t o determine t he fina l elemental composition of the simulated terrestrial planets. 



Following 



Bond et al. 



( ]2010al Jbl). condensation sequences for the 16 major solid forming 
elements (H, C, N, O, Na, Mg, Al, Si, P, S, Ca, Ti, Cr, Fe and Ni) were obtained using 
HSC Chemistry (v. 5.1) and are based upon the Gibbs ener gy minimization method. 



Delgado Mena et al 



(I2010h 



(|2009h ) 



Stellar photospheric abundances of Fe, Mg, Si, C, O, Ni (from 
Na, Al, Ca, Ti and Cr (derived in this work using the linelist from iNeves et al. 
were utilized as the composition of the stellar nebula. These abundances were determined 
in a uniform, internally consistent manner, thus reducing any possible systematic errors 
within the sample. Abundances of N, P and S were approximated based on the odd-even 
effect. The increased stability of even atomic number nuclei results in a higher occurrence 
of these species when compared to odd atomic number nuclei, producing the well known 
saw tooth pattern in solar abundances. There is no reason to think that this same trend 
would not hold for extrasolar planetary host stars. Thus by fitting a linear trend through 
the odd and even atomic number nuclei separately for solar abundances we were able to 
approximate the abundance of N, P and S based on the observed abundances of C, Al and 
Si (respectively). The input values used in HSC Chemistry (normalized to 10 6 Si atoms) 
for each system are shown in Table [TJ In order to provide a spatial loc ation within the disk 



Hersant et al. 



(2001) 



for a given composition, radial pressure and temperature profiles from 
were applied. Disk conditions at a evolutionary time of t = 5xl0 5 yr are utilized here as 
they were found to produce the best fit to known planetary values within the Solar System 



(Bond et al. 



fcoiOah and 



2010a). For more detail on this method, the reader is referred to 



Bond et al. 



Bond et al 
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2.3. Dynamical Simulations 



Numerous simulations of terrestrial pla net formation have be en conducted, focussing 



on aspects such as d isk mass and viscosity (IThommes et al 



flMandell et al 



20071 ) and orbital parameters ([Raymond et al. 



2008) .giant planet migration 



20091 ). For t his study, w e 



utilized the n-body simulations of late-stage terrestrial planet accretion of 



Bond et al. 



(j2010bl ). These simulations are intended to be indicative of the types of terrestrial planets 



that may form within the systems selected, not be inclusive of all aspects of planet 
formation. Four simulations were co mpleted for each sys tem. Each simulation was run 



using the SyMBA n-body integrator (IDuncan et al. 



giant planets taken from the catalog of 



Butler et al 



998) with orbital parameters of the 



(120061 ) (updated from exoplanets.org). 



An initial population of Lunar-to Mars-mass embryos was distributed between 0.3 AU from 
the host star and the known giant planet (in the case of 55Cnc, embryos were distributed 
between the inner and ou ter planets) in a ccord ance with the embryo mass, spacing and 
orbital radius relations of iKokubo Sz Ida ( 200ol ) and following the MMSN solid surface 



density. As we are currently only considering late-stage accretion, migration is neglected in 
the current simulations. For more details, please refer to 



Bond et al. 



(j2010b[ ). Giant planet 



migration is expected to alter the composition of the terrestrial planet feeding zones, thus 
also changing the composition of the final terrestrial planet. Simulations incorporating this 
effect are currently ongoing. 



2.4. Combining Dynamics and Chemistry 

As in previous work, the chemical and dynamical simulations were combined together 
by assuming each embryo retains the composition of its formation location and contributes 
the same composition to the simulated terrestrial planet. In this approach, phase changes 
and outgassing are neglected. Following the method of the dynamical simulations, all 
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collisions are assumed to result in a perfect merger (i.e. no mass was lost from either the 
target body or the impactor during impact). 



3. Results and Discussion 

3.1. Planetary Compositions 

A schematic of the resulting bulk elemental compositions of the simulated terrestrial 
planets are shown in Figures [T] and EJ Note that these compositions were produced using the 
radial disk profiles at t = 5xl0 5 yr as previously discussed. These same results are shown 
numerically in Table |2j All of the terrestrial planets considered here have compositions 
dominated by O, Fe, Mg and Si with most of these elements being delivered in the form 
of silicates or metals (in the case of iron). However, important differences between those 
planets forming in systems with C/O<0.8 (HD17051, HD19994) and those with C/O>0.8 
(55Cnc) can be seen. 

Although all of the simulated planets are composed of Mg-silicates and Fe, only 2 
of 7 simulated planets for HD17051 and 1 of 7 simulated planets for HD19994 contains 
sufficient Mg to be classed as "Earth-like" . Note that here an "Earth-like" planet does not 
mean that a planet is identical in compositional identical Earth. Rather, it has a broadly 
similar composition, consisting of Mg silicates and metallic Fe with other species present 
in relatively minor amounts and w ith a maximum deviat ion of ±25% from the elemental 
abundances for the Earth listed in iKargel fe Lewis! (119931 ) for the major elements (O, Fe, 



Mg, Si). This variation limit was selected so that both Venus and Mars would be considered 
to be "Earth-like" in composition. 

All other planets produced in HD17051 and HD19994 are considered to be Mg-depleted 
silicate planets. Furthermore, as in prior simulations, radial variations can be seen for 
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those simulations producing multiple terrestrial planets (3 simulations for HD 17051, 2 
simulations for HD 19994). In these cases, the innermost terrestrial planets (located within 
~0.5 AU from the host star) contain a significant amount of the refractory elements Al 
and Ca (~47% of the planetary mass). Planets forming beyond ~0.5 AU from the host 
star contain steadily less Al and Ca with increasing distance. With the inclusion of giant 
planet migration in future simulations, it is expected that this radial compositional gradient 
will diminish, leaving us with essentially an averaged composition more closely resembling 
that of Earth. However, for the current simulations and with the exception of the three 
"Earth-like" planets previously mentioned, these systems can be described as producing 
refractory-enriched silicate planets for the interior planets and Mg-depleted silicate planets 
for the outermost planets. None of the planets accrete any water or other hydrous phases 
in these simulations due to their distance from the snow line and narrow feeding zones. 

Only 1 system studied here has a C/O ratio above 1 (55Cnc, C/O = 1.12). This system 
produced carbon-enriched "Earth-like" planets, based on the above definition. Although the 
system is predicted to contain a region between approximately 0.46 and 1.48AU in which 
the solid composition is almost exclusively C (present as graphite, SiC and TiC), all of the 
simulated planets formed outside of this region (between 1.6 and 3.6AU) due to the inner 
planets of this system. Thus, instead of being dominated by C phases, the planetary feeding 
zones contained both C and significant amounts of other Mg silicates (such as pyroxene). 
As such, the simulated planets are Earth-like in their bulk compositions, with C contents 
ranging from <0.01 wt% to 11 wt%. This implies that the innermost giant planets should 
contain significant amounts of C as they lie well within this C-dominant zone (assuming 
that they also formed in or close to their current orbits or sourced a significant amount of 
material from this region). Additionally, given that the location of this C-rich zone varies 
with time as the disk cools, simulations using a different radial pressure and temperature 
profile may produce C-rich terrestrial planets. Likewise, the planets simulated within the 
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55Cnc system are enriched in S compared to the HD17051 and HD19994. This is not due to 
S enrichment within the system itself but rather due to the feeding zones for the simulated 
planets being further from the host star and thus cool enough to contain S in the solid 
form (primarily as FeS). Giant planet migration is expected to drastically alter this marked 
radial variation in composition and is the focus of current simulations. As in the other two 
systems, all of the simulated planets within 55Cnc form 'dry' in that they do not accrete 
any hydrous phases. 



3.2. Accretion Observations 



Although detections have been made of planets with masses as low as 2M0, we are 
still yet to detect planets with masses <1M0, such as those produced by the current 
simulations. As such, direct comparison between simulations and observations is not 
yet possible. However, we do have another avenue currently available to us through the 
observation of polluted white dwarfs. Pollution of the white dwarf photosphere is thought 
to be produced by the accretion of solid material from a planetary system orbiting the 
progenitor star. As the host star evolves and undergoes mass loss, the planetary system is 
disrupted, producing dynamically unstable orbits and result ing in the subsequent accretion 



of planetary material onto the white dwarf (IJura 



2008 



20031 ) . As a white dwarf atmosphere 



is composed of only H and/or He, any accreted material can be detected, provided it is 
observed before it disperses throughout the convective zone. 



Recent studies ( jZuckerman et al.ll201ll ; 



Dufour et al. 



Klein et al. 



2011 



2010 



Zuckerman et al. 



2010; 



2010l ) have detected evidence of the accretion of rocky planetesimals onto 



white dwarfs. Comp osed of Mr, Si, O and F e, the accreted material is similar to Earth 



in bulk composition. 



Zuckerman et al 



(120 111 ) observed Mg/Si values in the white dwarf 



NLTT 43806 of 1.05-1.26, consistent with accretion of Earth-like material. Furthermore, 
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Klein et al.l ( 1201 ll ) observed pollution that may be consistent with the accretion of a 
refractory-rich body, such as those produced in the inner regions of HD17051 and HD19994 
by the present simulations. These observations appear to support the results of this study 
in that extrasolar terrestrial planets with Mg-silicate compositions are likely to exist, with 
refractory- rich "Earth-like" bodies also possible (although not confirmed). Polluted white 
dwarf surveys including carbon have not yet been completed, preventing us from comparing 
our C-rich simulated planets to direct observations. 



3.3. Planetary Interiors and Processes 

Several broad inferences about the nature of the simulated extrasolar terrestrial 
planetary interiors can be made on the basis of the current simulations by assuming crystal 
settling in a global magma ocean is driven by density (i.e. most dense species sink to the 
core, least dense species float as a crust). The interiors for the Mg-depleted silicate planets 
are expected to contain an Fe-Ni-S core, overlain by a mantle of diopside (CaMgSi 2 6 ) and 
spinel (MgA^O/i), with a crust of pyroxene and feldspar (NaAlSiaOg). On the other hand, 
due to their relatively low carbon enrichment, the planets of 55Cnc will have a Fe-Ni-S 
core with a spinel, diopside and olivine mantle and a pyroxene, feldspar and graphite 
crust. Given the low mass of all of the simulated planets (M<O.67M0), unless a significant 
amount of radioactive material is accreted by the planet or tidal heating is significant, it will 
be difficult to produce substantial amounts of magmatic melt. Any melt that is produced 
is expected to be intermediate to felsic in composition due to the lower abundance of Mg. 
However, given the high content of refractory elements, production of significant amounts 
of melt within the mantle would be severely limited. 



Simulations of the interior processes of 



(e.g. 



Valencia et al 



2007 



O'Neill et al. 



super Earth planets have been completed 



20071 ) assuming a planetary composition similar to 
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that of Earth. In light of the range of planetary compositions now predicted to exist and 
the implications that the compositional variations may have on a planetary interior, such 
simulations should consider a more diverse range of compositions. 

3.4. Terrestrial Planet Searches 

As all of the systems examined in this Letter are capable of producing Mg-silicate 
planets, albeit with non-Earth-like compositions, systems orbiting host stars with a 
Mg/Si ratio less than 1 should still be included in terrestrial planet searches. Due to 
their predominantly silicate composition, terrestrial planets within these systems are not 
expected to be overly dark. Their albedo should be comparable to light C and S type 
asteroids (albedo ~ 0.10-0.20), depending on the distribution of carbon (if any) within the 
crust. Thus it is theoretically possible that planets such as those simulated here may be 
detected via reflected light. 

4. Summary 

Recent observational studies have shown that a significant proportion of planetary 
host stars may have an Mg/Si ratio less than 1. We have simulated terrestrial planet 
formation within three such systems and found that such systems produce a variety of 
planetary compositions, depending on the location of the planetary feeding zone within 
the disk. Mg-depleted silicate planets and C-enriched "Earth-like" planets were simulated 
within these systems, further supporting the idea that "Earth-like" may not be the 
average composition of extrasolar terrestrial planets. These results are in agreement 
with observations of polluted white dwarfs. Finally, further studies of planetary interiors 
need to be undertaken in order to fully understand the full implications of these varying 
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compositions. 
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Fig. 1. — Schematic of the bulk elemental planetary composition for systems with C/O<0.8: 
HD17051 (top) and HD19994 (bottom). All values are wt% of the final simulated planet. 
Values are shown for the terrestrial planets produced in each of the four simulations run 
for the system. Numb ers refer to mass of planet in Earth masses. Earth values taken from 
Kargel fe Lewis! ( 119931 ) are shown in the upper right of each panel. 
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Fig. 2. — Schematic of the bulk elemental planetary composition for 55Cnc (C/O>0.8). All 
values are wt% of the final simulated planet. Values are shown for the terrestrial planets 
produced in each of the four simulations run for the system. Numb ers refer to mass of planet 



in Earth masses. Earth values taken from 
right. 



Kargel fc Lewis! (I1993I ) are shown in the upper 
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Table 1. HSC Chemistry input values for the extrasolar planetary systems studied. All 
inputs are entered into the simulations of HSC Chemistry their elemental , monatomic 



gaseous state. All values are norma lized to 10 6 Si atoms. Solar values from 



Asplund et al. 



(120051 ) are shown for reference. 



Element 




System 






55Cnc 


HD 17051 


HD19994 


Solar 


H 


1.15 xlO 10 


1.82 xlO 10 


1.58 xlO 10 


3.09 xlO 10 


He 


9.77 xlO 8 


1.55 xlO 9 


1.35 xlO 9 


2.63 xlO 9 


C 


8.32 xlO 6 


7.76 xlO 6 


1.12 xlO 7 


7.59 xlO 6 


N 


2.04 xlO 6 


1.91 xlO 6 


2.76 xlO 6 


1.86 xlO 6 





7.41 xlO 6 


1.17 xlO 7 


1.74 xlO 7 


1.41 xlO 7 


Na 


5.01 xlO 4 


5.50 xlO 4 


6.92 xlO 4 


4.57 xlO 4 


Mg 


8.71 xlO 5 


7.94 xlO 5 


7.41 xlO 5 


1.05 xlO 6 


Al 


8.51 xlO 4 


6.92 xlO 4 


6.61 xlO 4 


7.24 xlO 4 


Si 


1.00 xlO 6 


1.00 xlO 6 


1.00 xlO 6 


1.00 xlO 6 


P 


8.32 xlO 3 


6.76 xlO 3 


6.46 xlO 3 


7.08 xlO 3 


S 


4.27 xlO 5 


4.27 xlO 5 


4.27 xlO 5 


4.27 xlO 5 


Ca 


3.80 xlO 4 


6.46 xlO 4 


5.75 xlO 4 


6.31 xlO 4 


Ti 


2.69 xlO 3 


3.47 xlO 3 


3.02 xlO 3 


2.45 xlO 3 


Cr 


9.33 xlO 3 


1.32 xlO 4 


1.32 xlO 4 


1.45 xlO 4 


Fe 


7.24 xlO 5 


8.32 xlO 5 


8.13 xlO 5 


8.71 xlO 5 


Ni 


5.01 xlO 4 


4.90 xlO 4 


5.25 xlO 4 


5.25 xlO 4 


Mg/Si 


0.87 


0.79 


0.74 


1.05 


C/O 


1.12 


0.66 


0.64 


0.54 




Previously Simulated and Published 




Mg/Si 


1.66 


1.07 


1.02 


1.05 


C/O 


1.00 


0.87 


1.26 


0.54 
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Table 2. Predicted bulk elemental abundances for all simulated extrasolar terrestrial planets. All values are in wt% 
of the simulated planet. Planet number increases with increasing distance from the host star. 



Planet M (M© ) R (AU) H Mg S Fe Al Ca Na Ni Cr P Ti Si C 



55Cnc 



55 Cnc 1 - 


4 


0. 


.67 


2 


.09 





00 


12.54 


30, 


66 


8.08 


23.96 


1.36 


0.90 


0. 


,68 


1 


.74 


0. 


.29 


0. 


.15 





.08 


16.63 


2.93 


55 Cnc 2 - 


4 





.51 


1 


.67 





00 


12.90 


31 


63 


8.34 


24.66 


1.40 


0.93 


0. 


,70 


1 


.80 





30 


0. 


,16 





.08 


17.11 


0.00 


55 Cnc 3 - 


4 


0. 


.64 


1 


.65 





00 


12.48 


30. 


,27 


8.02 


23.86 


1.35 


0.90 


0. 


.68 


1 


.74 


0. 


.29 


0. 


,15 


0, 


.08 


16.55 


3.63 


55 Cnc 3 - 


5 


0. 


.25 


3 


.59 


0. 


.00 


12.71 


32 


.65 


8.22 


24.29 


1.38 


0.92 





.69 


1 


.77 


0. 


.29 


0. 


15 


0. 


.08 


16.86 


0.00 


55 Cnc 4 - 


4 


0. 


.48 


2 


.00 


0. 


.00 


11.50 


28, 


.26 


6.90 


21.96 


1.25 


0.83 





.63 


1 


.60 


0. 


.26 


0. 


14 





.07 


15.25 


11.35 



HD 17051 



HD 17051 


1 - 


3 


0. 


.05 


0. 


.33 





.00 


1.06 


40. 


.82 


0.00 


0.00 


19.83 


27.42 





.00 





.00 





.00 





.00 


1 


.76 


9.09 





.00 


HD 17051 


1 - 


4 


0, 


.06 


0. 


.56 





.00 


12.90 


31. 


.59 


0.00 


30.98 


1.24 


1.73 





.53 


1 


.92 





.45 





.14 





.07 


18.45 





.00 


HD 17051 


2 - 


3 


0. 


.17 


0. 


.31 





.00 


1.06 


40. 


.82 


0.00 


0.00 


19.83 


27.43 





.00 





.00 





.00 





.00 


1 


.76 


9.09 





.00 


HD 17051 


2 - 


4 


0. 


.20 


0. 


.40 





.00 


7.05 


42. 


.63 


0.00 


0.00 


14.72 


20.32 





.00 





.00 





.00 





.00 


1 


.31 


13.96 





.00 


HD 17051 


3 - 


3 


0. 


.26 


0. 


.34 





.00 


1.06 


40. 


.82 


0.00 


0.00 


19.82 


27.44 





.00 





.00 





.00 





.00 


1 


.76 


9.10 





.00 


HD 17051 


4 - 


3 


0. 


.23 


0. 


.34 





.00 


1.06 


40, 


.82 


0.00 


0.00 


19.83 


27.43 





.00 





.00 





.00 





.00 


1 


.76 


9.09 





,00 


HD 17051 


4 - 


4 


0. 


.12 


0. 


.47 





.00 


13.28 


31 


.08 


0.00 


31.80 


1.46 


2.02 





.05 


2 


.11 





.36 





.10 





.08 


17.67 





,00 



HD19994 



HD19994 


1 - 


3 





.58 


0, 


36 


0. 


00 


1.43 


40 


.89 


0.00 


2.11 


17.60 


24.34 


0. 


.00 





.21 





.01 





.00 


1 


.58 


11.84 


0. 


.00 


HD19994 


2 - 


3 


0, 


.63 





.37 


0. 


.00 


4.40 


41 


.24 


0.00 


2.68 


14.98 


21.16 


0. 


,00 





.29 





,01 





.00 


1 


.78 


13.47 





.00 


HD19994 


3 - 


3 


0. 


.35 


0. 


.34 


0. 


00 


0.00 


41 


.04 


0.00 


0.00 


18.92 


27.78 





.00 





.00 


0. 


00 





.00 


1 


.83 


10.43 





.00 


HD19994 


3 - 


4 


0. 


.10 


0. 


.46 


0. 


00 


7.72 


35 


.53 


0.00 


19.07 


8.60 


11.11 





.00 


1 


.31 


0. 


.27 





.08 





.70 


15.63 





.00 



Table 2 — Continued 



Planet M (M ) R (AU) H Mg O S Fe Al Ca Na Ni Cr P Ti Si C 



HD19994 3 - 5 0.07 0.70 0.00 12.13 31.94 0.00 30.50 1.20 1.55 1.02 2.07 0.46 0.13 0.10 18.90 0.00 

HD19994 4 - 3 0.28 0.31 0.00 0.00 41.16 0.00 0.00 20.08 27.23 0.00 0.00 0.00 0.00 1.74 9.79 0.00 

HD19994 4 - 4 0.46 0.46 0.00 5.04 37.15 0.00 12.76 11.87 17.54 0.00 0.85 0.16 0.04 1.15 13.44 0.00 
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